Active nerve cells produce and release vasodilators that increase their energy supply by dilating local blood vessels, a 10 mechanism termed neurovascular coupling, which is the basis of the BOLD (blood-oxygen-level-dependent) functional 11 neuroimaging signals. We here reveal a unique mechanism for cerebral blood flow control, a precapillary sphincter at the 12 transition between the penetrating arteriole and the first capillary that links blood flow in capillaries to the arteriolar inflow. 13 Large NG2-positive cells, containing smooth muscle actin, encircle the sphincters and rises in nerve cell activity cause astrocyte 14 and neuronal Ca 2+ rises that correlate to dilation and shortening of the sphincter concomitant with substantial increases in the 15 RBC flux. Global ischemia and cortical spreading depolarization constrict sphincters and cause vascular trapping of blood 16 cells. These results reveal precapillary sphincters as bottlenecks for brain capillary blood flow. 17 18
Introduction 19
Neurovascular coupling (NVC) is the signalling mechanism that links neuronal activity to local increases in 20 cerebral blood flow 1 . Ca 2+ rises in neurons and astrocytes trigger release of vasoactive compounds that dilate 21 capillaries and penetrating arterioles, which in turn increases local blood flow. The activity-induced rises in 22 blood flow are based on coordinated changes in the diameters of arterioles and capillaries which in turn are 23 regulated by Ca 2+ fluctuations within the vascular smooth muscle that circumscribe arterioles and the 24 pericytes which ensheath capillaries close to the penetrating arteriole 2-5 . Intracortical arterioles branch into 25 the capillary networks that supply the cortical layers with oxygen and glucose 6 . It is unclear, however, how 26 the organization of blood supply can ensure a roughly equal perfusion of capillary networks at different 27 cortical depths. The organization encounters two competing obligations: preservation of perfusion pressure 28 in the penetrating arteriole along the entire cortical depth, which is essential for adequate blood flow to all 29
layers, yet the brain tissue must be shielded from the mechanical impact of blood pressure rises. Here, we 30 reveal the structure and function of brain precapillary sphincters, which may serve exactly these two 31 purposes: capillary protection from systolic pressure spikes and preservation of perfusion pressure despite 32 capillary branching from the penetrating arteriole. We characterized precapillary sphincters as mural cells 33 encircling an indentation of blood vessels exactly where capillaries branch off from penetrating arterioles. 34
The sphincter cells had a bulbous soma similar to brain pericytes, contained α-smooth muscle actin and were 35 ensheathed by structural proteins. Precapillary sphincters were present at most but not all proximal capillary 36 branches of penetrating arterioles (PA) and with a decrease in occurrence from upper to lower cortical layers, 37 an ideal position to facilitate a balanced perfusion pressure along the PA and for brain protection against 38 arterial pressure pulsations. While precapillary sphincters have been known for almost a century 7 , their 39 existence in all vascular beds except for the mesentery 8-10 remains controversial 11,12 . This paper provides 40 unequivocal structural and functional evidence for brain precapillary sphincters and examines their role in 41 neurovascular coupling and in pathology during cortical spreading depolarization (CSD) and global ischemia 42 following cardiac arrest. 43
Results

45
Precapillary sphincters mainly locate to the proximal branch-points of penetrating arterioles 46 We identified precapillary sphincters in mice expressing dsRed under the NG2 promoter as lobular dsRed-47 positive cells encircling an indentation of the vessel lumen at PA branch-points ( Fig. 1a ). Precapillary 48 sphincters were most often followed by a distention of the lumen, which we denoted "the bulb". The dsRed 49 signal from the precapillary sphincter was usually brighter than the dsRed signals from other mural cells on 50 the PAs and 1 st order capillaries indicating high NG2-expression. However, the dsRed signal from the bulb 51 region was low compared to the rest of the 1 st order capillary ( Fig. 1a,b,d ), which suggested low pericyte 52 coverage. We could show that precapillary sphincters and bulbs were not only present in anesthetized mice, 53 but also in awake mice with chronic cranial windows in vivo ( Fig. 1c and Extended data Fig. 3 , n = 4) and in 54 anesthetized NG2-dsRed mice with thinned skull over the barrel cortex in vivo ( Fig. 1b , Extended data Fig. 2  55 and Supplementary video 1, n = 3). Ex vivo studies revealed that the NG2-positive cells encircling the 56 precapillary sphincter were individual cells encompassing the sphincter at the branchpoint and not processes 57 of mural cells extending from the PA (Fig. 1d ). DAPI stain of coronal brain slices, revealed that penetrating 58 arterioles were covered with smooth muscle/pericyte hybrids ( Fig. 1e ), indicating a continuum of mural cell 59 cyto-architecture from pial arterioles to 3 rd order capillaries as previously described [13] [14] [15] . 
64
(dashed insert). This structure is denoted a precapillary sphincter. Immediately after the sphincter a sparsely dsRed-labeled distention 65 of the capillary lumen is observed, which we refer to as "the bulb". Right panels: Single z-plane showing overlay, FITC-channel, and 66 dsRed channel of the dashed insert. Arrows indicate the PA (red), sphincter (blue), bulb (green) and 1 st order capillary (yellow). b-d,
67
Local TPLSM projections of precapillary sphincters in cortex of: b, a thinned skull mouse in vivo, c, an awake mouse harboring a 68 chronic cranial window in vivo. White arrows mark the precapillary sphincter, and d: an ex vivo coronal slice of a FITC-conjugated 69 lectin (green) stained NG2-dsRed mouse (red) with DAPI staining (blue) of nuclei. The precapillary sphincter cell nucleus is arched,
70
as it follows the cell shape. e, Schematic of a PA with a precapillary sphincter at the proximal branch-point based on ex vivo data.
71
The morphology and location of NG2-dsRed positive cells on the vascular tree are indicated.
73
Having established the structure of precapillary sphincters, we examined their occurrence and localization 74 within the cortical vascular network. In keeping with the work of Duvernoy et al. 6 , we identified a range of 75 PA subtypes ( Fig. 2b ) that differed in size, branching pattern and cortical penetration. Precapillary sphincters 76
were predominantly localized to the upper layers of the cortex (Fig. 2c ) and were mainly observed at 77 proximal PA branch-points ( Fig. 2d ) of relatively large PAs branching into relatively large 1 st order 78 capillaries ( Fig. 2e ,f). As larger proximal vessels carry higher blood pressures than downstream vessels, this 79 localization indicated that sphincters contributed to pressure distribution. The bulb usually succeeded a 80 sphincter, but was less prevalent and did not display the same positive correlation with the diameter of the 1 st 81 order capillary as the sphincter ( Fig. 2e ), i.e. bulbs were observed when the PA diameter was large compared 82 to the 1 st order capillary ( Fig. 2f ). For branches positive for a precapillary sphincter, the average diameter of 83 the PA was 11.4 ± 0.6 µm, the precapillary sphincter was 3.4 ± 0.2 µm, the bulb was 5.8 ± 0.2 µm, and the 84 1 st order capillary was 5.3 ± 0.2 µm (mean ± SEM). As per Poiseuille's law (adjusted for flow velocity, Fig.  85 2g), a lumen diameter around 3-4 µm is precisely at the border of very high flow resistance, providing an 86 effective means of changing the pressure drop per unit length. We conclude that precapillary sphincter 87 complexes (sphincter and bulb) 1) are characterized by an indentation of lumen at the branch-point encircled 88 by a sphincter cell usually followed by a distention (the bulb) and 2) are common at proximal PA branch-89 points, predominantly at larger PAs in the mouse cortex. Having established the occurrence and morphology of precapillary sphincter complexes, we examined their 107 role in blood flow regulation. First, we confirmed expression of α-smooth muscle actin (α-SMA) within the 108 precapillary sphincter cell in coronal slices of NG2-dsRed mice ( Fig. 3a , vascular lumen and cell nuclei co-109 stained using lectin and DAPI, respectively. See also Extended data Fig. 4 and Supplementary video 2). 110
Next, we analyzed the vasomotor responses of the PA, precapillary sphincter, bulb, and 1 st order capillary 111 vessel segments in response to electrical whisker pad stimulation in an in vivo two-photon setup (Extended 112 data Fig. 1 ). Careful placing of linear regions of interest (ROIs) in hyperstacks of two-photon images were 113 used to avoid inter-segmental interference in diameter calculations before and during whisker stimulation 114 hyperstack imaging allowed us to confirm that the undershoot was not an artifact of drift in the z-axis. 117
Relative diameter changes at the sphincter were significantly higher compared to the PA and the rest of the 118 1 st order capillary during both dilation (33.75±4.08%, Fig. 3e and Extended data Table 1 ) and undershoot (-119 12.40±2.10%, Fig. 3f and Extended data Table 1 ). To estimate the corresponding changes in flow resistance 120 per unit length, we applied Poiseuille's law at baseline, maximal dilation, and maximal undershoot ( Fig. 3g -121 i). The flow resistance of the sphincter at rest was significantly higher compared to the other segments and 122 decreased significantly more (65.9% decrease, Fig. 3h ) during dilation as compared to all other segments 123 (40.8% for the 1 st order capillary, Fig. 3h ). During the post-stimulus undershoot, flow resistance increased by 124 80.2% at the sphincter (Fig. 3i ), which highlights the sensitivity of flow resistance to sphincter constriction 125 and underscores the strategic control of flow resistance at the sphincter due to the power law relationship 126 between diameter and flow resistance ( Fig. 2g ). Moreover, we observed that the length of precapillary 127 sphincters decreased during stimulation and increased during undershoot (Extended data Fig. 5 ). According 128 to Poiseuille's law, shortening of the sphincter decreases the absolute flow resistance across the precapillary sphincter complex and vice versa, i.e. further reducing the pressure drop across the sphincter during 130 functional dilation and increasing the pressure drop during the undershoot. We examined intracellular Ca 2+ 131 dynamics in neuronal somas and astrocytic end-feet enwrapping the vessel segments (Extended data Fig. 6 ). 132
Neuronal somas and astrocytic end-feet responded with increases in intracellular Ca 2+ upon whisker pad 133 stimulation and in the undershoot phase (Extended data Fig. 6b-e ). The fraction of ROIs responding was 134 similar during dilation and undershoot and independent of the location of the end-feet on the vascular three 135 (Extended data Fig. 6f ). 136
We next examined the correlation between red blood cell flux and diameter changes in response to whisker 137 pad stimulation ( Fig. 3j -m). RBC velocity fluctuated in synchrony with systolic and diastolic oscillations in 138 arterial blood pressure ( Fig. 3j,k) . At rest, the average RBC velocity through precapillary sphincters was 139 8.7±0.6 mm/s (Fig 3l) , significantly higher than for the bulb (3.6±0.6 mm/s) and the 1 st order capillary 140 and RBC velocity increased in each segment but significantly more at the precapillary sphincter than the 1 st 147 order capillary (Fig. 3m ). The flux of RBC's through the precapillary sphincter complex increased by 25% 148 from baseline to peak stimulation (mean flux rose from 543±25 to 679±50 cells per second, Fig. 3l ). Given 149 the high RBC velocity, a baseline flux in the first order capillary of around 550 cells per second is not 150 surprising (see Extended data calculation 1). The sphincter, however, retained a dampening effect on 151 pressure during peak stimulation, where the pressure drop per unit length was 3 times larger at the sphincter 152 compared to the 1 st order capillary. RBC velocity and flux returned to baseline at 20-30s after end of 153 stimulation ( Fig. 3l) , concurrent with the post-stimulus undershoot (Fig. 3c ,f) 17 . 16 Before, during, and after 154 whisker stimulation, we observed fluxes of single RBCs through the precapillary sphincter into the 1 st order 155 capillary, which may optimize oxygen delivery to the tissue (Supplementary video 5). Collectively, our data 156 suggest that the sphincter complex 1) protects downstream capillaries from blood pressure peaks in the 157 proximal PAs, 2) actively regulates local diameter and RBC flux during functional stimulation, and 3) 158 equalizes the distribution of RBCs entering the upper and lower cortical layers. 159 The presence of a contractile sphincter-encircling pericyte, supports the notion of active regulation of the 186 diameter at the precapillary sphincter. The indentation of the sphincter, however, might also be supported by 187 passive elements to optimize the force-length relationship 17 . We therefore investigated whether passive 188 structural elements constrained dilation at the sphincter by injecting papaverine (10 mM), a strong 189 vasodilator, close to the sphincter (Fig. 4a-c) . Papaverine blocks the contractility of the vascular smooth 190 muscle cells, and by inference pericytes, by inhibiting vascular phosphodiesterases 18 and calcium channels 19 . 191 Under these conditions, passive structural elements of the vessel become the main factors that stabilize the 192 vessel wall in face of the unaffected transmural pressure. Both before and after papaverine injection, the 193 lumen diameter of the sphincter was significantly smaller than for the bulb and 1 st order capillary (Fig. 4c) . 194
Yet, the sphincter showed a significantly larger dilation in absolute and relative terms, as compared to the 1 st 195 order capillary. Structural evidence of passive connective tissue was established by staining coronal slices of 196 NG2-dsRed mice with either a collagen α1 type I (COL1A1) antibody or Alexa633 hydrazide, a marker of 197 elastin 20 . Elastin was observed in the tunica intima of penetrating arterioles and at the precapillary sphincter, 198
but not at the level of 1 st order capillaries (Fig. 4d ). Collagen α1 type I staining was observed in the tunica 199 externa of arterioles, precapillary sphincters, capillaries (Fig. 4e) , and venules. Thus, common structural 200 proteins ensheathed the precapillary sphincter. The data indicates that the active sphincter is supported by 201 passive structural elements that assist the active pericyte in protecting soft brain tissue against pressure 202 increases produced by dilation of the PA. 
208
Absolute diameters of vessel segments 1) at baseline, 2) after papaverine addition, and 3) the difference before and after papaverine 209 addition. The baseline dataset was analyzed using the Kruskal-Wallis test followed by a Wilcoxon rank-sum test (with Holm's p-210 value adjustment) for pairwise comparisons. The papaverine and difference datasets were analyzed using LME models followed by The precapillary sphincter in cortical spreading depolarization and during global ischemia.
219
In the healthy mice considered so far, precapillary sphincter complexes displayed an active role in regulation 220 and protection of downstream capillary blood flow (Fig. 3,4) . As observed for the undershoot (Fig. 3f,i) , the 221 flow resistance of the sphincter may increase strongly under physiological conditions (Fig. 2g ). This 222 observation prompted the question of whether sphincters constrict in brain pathology. Hence, we investigated 223 sphincter dynamics during cortical spreading depolarization (CSD) waves that are caused by disrupted brain 224 ion homeostasis and known to cause prolonged vasoconstriction 4 . Microinjection of 0.5 M potassium acetate 225 in the posterior part of the somatosensory cortex elicited CSD that triggered a triphasic sequence of changes 226 the in the diameter and flow of cortical blood vessels consisting of: (I) a brief initial constriction followed by 227 (II) a longer-lasting dilation and (III) a prolonged vasoconstriction ( Fig. 5a-c, supplementary video 6) . 228
Whereas the maximal constriction relative to baseline in phase I was similar among vessel segments, the 229 maximal relative dilation of the precapillary sphincter in phase II was greater than for the bulb and the 1 st 230 order capillary (Fig. 5d , 39±8%, vs. 22±3 and 21±4%) but not different from maximal dilation during 231 whisker pad stimulation (34±4%, Fig. 3e ) or local injection of papaverine (32±8%, Fig. 4c ). During phase 232 III, the precapillary sphincter constricted more (26.2%) than the PA and the bulb and generated a doubling in 233 flow resistance (Fig. 5e ). This was occasionally accompanied by transitory entrapment of RBCs at the 234 sphincter that occluded the 1 st order capillary (Supplementary video 4) , consistent with the high increase in 235 flow resistance. These results show that the sphincter constricts markedly in CSD, which is likely to be 236 highly important for the associated long lasting decreases in cortical blood flow that follows CSD 21 . 
250
We also examined the vulnerability of the precapillary sphincter to global ischemia induced by cardiac arrest 251 ( Fig. 6) . Cardiac arrest caused an immediate loss of blood pressure and an initial 26±7% mean drop in lumen 252 diameter within the first 2 minutes (Fig. 6b,c, n = 7) , which was most prominent at the bulb. Over the 253 subsequent 30 minutes we observed vasoconstriction of the cerebral microvessels that occurred with 254 important differences in time delay. The sphincter remained relatively unchanged for the first ~14min, 255
whereas the PA and 1 st order capillary showed a steady reduction in diameter. After 14-20 minutes, we 256 observed an accelerated constriction spreading from the 1 st order capillaries towards the PA and along the PA 257 towards the brain surface (Supplementary video 7) . The precapillary sphincter collapsed at a rate of 258 0.23±0.03 µm min -1 (Fig 6c, phase II) . The collapse of the sphincter was complete after ~25min and caused 259 an extreme increase in flow resistance (Fig 6d, phase III) that essentially occluded entry of RBCs into the 260 capillary networks. Concurrent with the collapse of the vessel lumen, we observed a swelling of astrocytic 261 end-feet and vasculature-associated astrocyte soma (Supplementary video 7) . show that precapillary sphincters exist and that they represent active bottlenecks that are strategically located 279 at the upper part of the cortex preferentially in larger PAs that branch into large capillaries. This localization 280 contributes to equalization of perfusion along the length of the PA. In addition, the pressure drop across the 281 narrow sphincter (~2-5 µm) protects downstream capillaries and brain tissue both under baseline conditions 282 and during functional stimulation (Fig. 2-4) . However, the high sensitivity of flow resistance to constriction 283 becomes precarious in pathological conditions that promote general constriction ( Fig. 5-6) . 284
The precapillary sphincter equalizes perfusion along the PA and protects 285 downstream tissue against adverse pressure spikes.
286
Precapillary sphincters abound at proximal branches of relatively large PAs descending to relatively large 1 st 287 order capillaries, primarily in upper cortical layers (Fig. 2) , i.e. in the cerebral microvessels that withstand 288 the high arterial pressure. The sphincters have high flow resistances and reduce the transmural pressure in 289 downstream capillaries, protecting the endothelium from disruption, and contributes to equalize perfusion to 290 all capillary networks along the entire length of the PA. The sphincter location is consistent with the 291 assumption that the blood pressure drop at 1 st order capillaries is largest at superficial layers and decrease 292 over the depth of the cortex 25 . Precapillary sphincters represent a bottleneck that may protect the capillary 293 networks from mechanical impact while at the same time preserving the perfusion pressure in the penetrating 294 arteriole along the entire cortical depth. Our data are consistent with studies from other groups which 295 indicate that regulation of capillary blood flow can occur independently from arteriolar flow control 2,26,27 . 296
The distention at the bulb decelerates RBCs, possibly providing a mechanism of 297 RBC alignment in capillaries 298 The bulb, i.e. the distention that usually appeared immediately downstream from the precapillary sphincter 299 ( Fig. 1) , had areas lacking NG2-expression (Extended data Fig. 4 and Supplementary video 2) which may 300 indicate sparse pericyte coverage. Similar to previous observations 28 , we consistently observed short and 301 thick endothelial nuclei at the bulb (Extended data Fig. 4 and Supplementary video 2) . The bulb remained 302 less vasoactive compared to the precapillary sphincter and 1 st order capillary, consistent with less contractile 303 cell coverage (Fig. 1a , Extended data Fig. 4 and Supplementary video 2). The large cross-sectional area of 304 the bulb caused deceleration and deformation of RBCs from a bullet to parachute form 29 (Supplementary 305 video 5) followed by realignment as RBCs entered the capillary network. 306
The precapillary sphincter is a highly active flow regulator but remains limited by 307 passive structural elements 308 Our initial analysis of the sphincter complexes suggested a dual role: first, in distributing pressure and 309 perfusion along the PA and second by protecting brain tissue and downstream capillaries against adverse 310 pressures and hemorrhage. In principle, these functions might arise from both active contractile elements and 311 passive structural elements. α-SMA protein is key for contractile function and is widely expressed in 312 vascular smooth muscle and routinely found in pericytes of 1 st order capillaries within cortex 14, 15, 30 . In accord 313 with previous data 31 , we observed α-SMA along both the PA and 1 st -4 th order capillaries and importantly, 314 within the pericyte constituting the sphincter (Fig. 3a) . The presence of α-SMA explains the capacity for 315 active vasomotor responses at the sphincter (Fig. 3c-i) . The integrity and morphology of the sphincter 316 remained preserved after local administration of papaverine despite a significantly larger dilation for the 317 sphincter as compared to the bulb and 1 st order capillary (Fig. 4c) 20 . We report elastin 20 (Fig. 4e, Alexa 633  318 hydrazide) and filamentous collagen α1 type 1 (Fig. 4f, COL1A1 ) expression that may support the structural 319 integrity of the sphincter during rises in blood pressure (Fig. 4d,e ). The high capacity for diameter variations 320 at the sphincter during functional stimulation suggests that cortical flow control resides both in capillaries 321 and at arteriole branchpoints and may reconcile some of the controversies regarding the dynamic regulation 322 of cerebrovascular resistance as described previously 2,15,30,32 . Sphincters are located at proximal PA branches 323
and their occurrence suggests that regulation of cerebral blood is distributed between arterioles and 324 capillaries depending on the local angioarchitecture (Fig. 2) . It follows, that the distribution of flow 325 resistance may shift dynamically with changes in perfusion demand [33] [34] [35] (Fig. 3) . Furthermore, during 326 functional sphincter dilation only one RBC at a time passed into the bulb and 1 st order capillary, which 327 suggests that sphincters contribute to plasma skimming 36,37 , and thereby contribute to redistribution of RBCs 328 and (in consequence) of hematocrit within the local vascular network. 329
The precapillary sphincter is vulnerable to pathological conditions of general 330 constriction 331 Cortical spreading depression (CSD) is a slow depolarizing wave along the cortex that is involved in 332 migraine, traumatic brain injury, and stroke 38 . CSD evokes an initial vasoconstriction (phase I), immediately 333 followed by a transient hyperemic response (phase II), which is superseded by a long lasting vasoconstriction 334 of arterioles and capillaries (phase III) during which the neurovascular coupling is impaired 4,39 . During a 335 CSD, the sphincter displayed pronounced diameter changes ( Fig. 5 ) and constricted persistently during the 336 long period of low blood flow after CSD (Supplementary video 6). Persistent sphincter constriction reduced 337 both the RBC flow rate and the hematocrit of the capillary bed. The long lasting oligemia previously 338 described in CSD could arise from the high resistance observed at precapillary sphincters 4 , and further 339 pharmacological research on this structure could improve help the outcome of CSD in the ischemic brain or 340 in migraine patient. We also examined the reaction of sphincters to cardiac arrest (Fig. 6 ). We have 341 previously shown that cerebral pericytes during simulated global ischemia immediately begins to constrict 342 and later starts dying in rigor after ~15 min in rat cortical brain slices 2 (all pericytes lost after ~40min). 343
During in vivo imaging of cardiac arrest, we observed a steady vasoconstriction of the precapillary sphincters 344 around 16 min after onset of cardiac arrest (Fig. 6c ) and collapse at ~25 min. The other vessel segments 345 displayed linear diameter reductions but no collapse. During global ischemia, we also observed swelling of 346 astrocyte end-feet and soma, which are known to compress microvessels 40 , probably adding to the sphincter 347 collapse (Supplementary video 7) . Laboratory; 19 to 60 weeks old) and 27 male or female wild-type mice (C57bl/6j; Janvier-labs, France;16 to 368 32 week) were used. The NG2-DsRed mice were used in the studies of whisker pad stimulation, cardiac 369 arrest, thinned skull and local ejection of papaverine. The rest of the studies were performed in wild-type 370 mice. 371 372
Surgical Procedures 373
Anesthesia was induced with bolus injections of xylazine (10mg/kg, intraperitoneally (i.p.)) and ketamine 374 (60 mg/kg, i.p.) and maintained during surgery with supplemental doses of ketamine (30mg/kg/20 min, i.p.). 375
Mechanical ventilation (Harvard Apparatus, Minivent type 845) was controlled through a cannulation of the 376 trachea. One catheter was inserted in the left femoral artery to monitor blood pressure and to collect blood 377 samples. Another cathether was inserted in the femoral vein to administer chemical compounds. The content 378 of blood gasses in arterial blood samples (50 µl) was analyzed by an ABL700 (Radiometer, Copenhagen; 379 pO2, normal range: 95-110 mmHg; pCO2, normal range: 35-40 mmHg; pH, normal range: 7.35-7.45). To 380 maintain physiological conditions, both respiration and mixed air supply was adjusted according to the blood 381 gas analysis or occasionally according to continuously monitored end-expiratory CO2 (Harvard Apparatus, 382
Capnograph 340), blood oxygen saturation (Kent Scientific, MouseStat pulsoximeter). A craniotomy 383 (diameter ~3 mm. Center coordinates: 3 mm right of and 0.5 mm behind bregma) was drilled above the right 384 somatosensory barrel cortex. We switched anesthesia to α-chloralose (33% w/vol; 0.01 mL/10 g/h) upon 385 surgery completion. In the end of the experiments, mice were euthanized by intravenous injection of 386 pentobarbital followed by cervical dislocation. 387
To ensure that precapillary sphincters were not a result of the craniotomy, we made thinned skull 388 preparations over the barrel cortex, at the point of the surgical procedure where we would otherwise have 389 made a craniotomy. By following the protocol by Shih et al 41 , we thinned the skull to around 40 µm 390 thickness, polished with tin oxide powder and covered the window with agarose and a coverslip. 391
Chronic cranial window implantation 393
A chronic cranial window was installed approximately three weeks prior to imaging in mice of a C57Bl/6 394 background. The surgical procedure is adapted from Goldey et al. 42 . A small craniotomy was performed over 395 the left barrel cortex under isoflurane anaesthesia and a custom-made reinforced cover glass consisting of 396 three 3 mm coverslips glued on top of each other and onto a 5 mm coverslip was installed. A custom-made 397 head bar was attached to the right side of the skull allowing for head immobilization during imaging 398 sessions. In the five days following implantation the animal was closely monitored and given pain and 399 
